The relationship between molecular packing and charge transport properties in bidimensional crystalline aggregates of N,N′-ditridecylperylene-3,4,9,10-tetracarboxylic diimide (PTCDI-C13), a prototypical n-type semiconductor for organic electronics, was investigated by an integrated approach based on atomistic molecular dynamics (MD) and density functional theory simulations. Calculations were performed to assess the morphological and dynamical properties of 2D crystals and nanoaggregates resulting from a set of PTCDI-C13 putative structures, differing in the relative orientation of the π-core between adjacent molecules. MD simulations indicate the cofacial crystal as the thermodynamically most stable phase and suggest the likely occurrence of competing two-dimensional structures at typical conditions for the growth of organic thin-films. In particular, the two most relevant structures found can be related to the kinetic and thermodynamic control of PTCDI-C13 crystal growth, respectively. Moreover, electronic structure calculations indicate a strong dependence of charge transport properties on molecular aggregation in 2D crystals. Our simulations provide information, at the atomistic level, on the morphology of 2D aggregates of PTCDI-C13 in experimental conditions and shed light on the relationship between material processing and resulting charge transport properties, with a potentially strong impact in the development on devices based on PTCDI-C13. Introduction
height that is compatible with molecules arranged in a stand-up configuration. 23, 28 The resulting morphology of PTCDI-C13 thin-films in best-performing devices consists essentially of compact layers of quasi-2D polycrystalline aggregates, 29 with molecules oriented in a direction that is favourable to charge transport. However, details on the peculiar realization of the intermolecular π-stacking, a comprehensive rationalization of structural and dynamical aspects of aggregation of PTCDI-C13 layers and the relationships with growth conditions and processing are still missing. A detailed knowledge of the structure of the involved crystalline aggregates, at the atomistic level, constitutes thus a pivotal field of investigation for the optimization of materials and devices. To shed light on this issue, we investigated three putative crystal structures of PTCDI-C13 layers, differing essentially in the relative orientation of the perylene cores. The arrangement of PTCDI-C13 molecules in each of these tentative structures has been inferred from the known crystal structure of thin-films of similar organic systems. Namely, 2D crystals with perylene cores arranged in a cofacial (CF), staggered (ST) and herringbone (HB) configuration, respectively, commonly observed in perylenes, were considered. 19, [32] [33] [34] [35] Investigations on 2D structures elucidate the morphology of PTCDI-C13 in monolayers and in layer-by-layer growth, that is, in aggregation conditions that can be considered as the most favourable to charge transport. Indeed, although the nature and morphology of the substrate, as well as growth conditions and material processing, are known to greatly affect the aggregation of organic overlayers, 19, 20, 23, 27 detailed studies on ideal 2D structures can assess the intrinsic propensity of PTCDI-C13 to form ordered layers at interfaces. The analysis of the 2D crystal structures, their morphology and dynamics, and the relationship with the resulting electronic properties allows to understand how these parameters impact on the performances of devices.
Computational methods
Molecular mechanics calculations were carried out by using the all-atom OPLS force field 36 augmented by parameters taken from the work of Marcon et al. 37 Electrostatic interactions were treated by the particle-mesh Ewald (PME) method and a cutoff of 10.0 and 14.0 Å was used for Coulomb and van der Waals interactions, respectively. The Nosé -Hoover thermostat 38, 39 was used for simulations in the canonical (NVT) ensemble, and the Parrinello-Rahman barostat 40 was added in variable-cell (NPT) simulations, with time constants of 1.0 ps and 10.0 ps, respectively. Periodic boundary conditions (PBCs) in 3 dimensions were used for the simulation of 2D systems, by inserting a vacuum region (about 20 Å) along the z direction. The initial cell parameters of the CF phase (Z=2) were taken from Tatemichi et al. 19 From these parameters, a 2D supercell was built, by replicating the experimental unit cell along the [100] and [010] directions (see below). Similar model systems were built for the ST and HB phases. Structures were initially relaxed to the local energy minimum by steepest descent optimization and, in analogy with experimental processing, 19, 20, 22, 23, 27, 29 annealed by MD at 400 K for 1 ns. Annealed structures were then relaxed to 300 K (1 ns), obtaining configurations on which conformational analysis at room temperature was performed. Equilibration for longer simulation times led to converged structural properties (see ESI). A further cooling to negligible kinetic energies and final steepest descent relaxation led to optimized structures, used to evaluate structural parameters (shown in Table 1 ) and as input for DFT calculations. All MD calculations were performed with the Gromacs software package. 41 The polymorphs identified by MD calculations were fully optimized in a slab model with 2D periodic boundary conditions. Periodic density functional theory (DFT) calculations were carried out with the CRYSTAL09 package. 42, 43 The latter has the noteworthy advantage of the absence of repetition of the slab along the z-direction that avoids artificial electrostatic interactions across the vacuum region affecting other codes. The exchange-correlation contributions to the total energy were treated using the hybrid B3LYP functional with 20% of exact Hartree-Fock exchange. 44, 45 The all-electron Gaussian-type basis sets adopted were 6-31(d1) for oxygen, 46 nitrogen 47 and carbon 48 and 31(p1) for hydrogen. 46 Longrange dispersion interactions were accounted for by a post-DFT dispersive contribution, suggested by Grimme, 49 to the computed ab initio total energy and gradients. Van der Waals radii and dispersion coefficients C6 were taken from Table  1 of Ref. 49 The reciprocal space was sampled by a 2 x 2 x 1 k-point mesh corresponding to 4 k-points of the irreducible Brillouin zone. 43 For each optimized structure, the charge transfer integrals in dimers, τ, were computed as:
where Jij, Sij and eii, ejj are the transfer integral, the overlap integral and the site energies, respectively:
with φi the frontier molecular orbital (i.e. HOMO or LUMO) of the i-th molecule and hks the Kohn-Sham Hamiltonian of the molecular dimer. In the atomic orbital basis, φi and hks were provided by the vector of molecular orbital coefficients and the Fock matrix for the converged electron density as provided by the GAMESS code (6-311G(dp) all-electron Gaussian-type basis set). 50, 51 The Fock matrix can be easily obtained by:
where V and  are the eigenvectors and eigenvalues matrix of the converged electron density, respectively, and S is the overlap matrix printed by the Gamess code with the 1-electron integrals (NPRINT=3 in $CONTRL section). The use of the range-separated CAM-B3LYP functional, which can be crucial for excited-state calculations in charge-transfer complexes, 52,53 led to values of transfer integrals in line with B3LYP calculations (see ESI). For each crystal structure, the reported τ were computed as the average of values obtained for the two non-equivalent closest dimers in the 2D system.
Results and discussion
The structures of the different 2D crystals of PTCDI-C13 considered were initially investigated by MD simulations and analyzed in terms of structural parameters. To this end, models of the three (CF, ST and HB) structures were initially prepared by inserting dimers in a monoclinic (CF, HB) and orthorombic (ST) unit cell, as in Figure 1 , and replicated to generate 2D supercells, with a vacuum region along the z direction, containing 24 molecules each. All parameters of the two-dimensional cell (a, b, and γ) were allowed to relax. The supercells of all 2D crystals exhibit remarkable long-range translational crystal order upon MD relaxation at room temperature (see Computational Details) and can be reduced to a unit cell with Z=2. The optimized 2D structures of PTCDI-C13 are shown in Figure 2 . Notably, the computed cell parameters of the CF and ST crystals are compatible with available experimental data. The computed surface densities, which can be related to molecular packing in 2D aggregates, are 2.71 mol·nm -2 , 3.06 mol·nm -2 and 3.07 mol·nm -2 for the CF, ST and HB models, respectively (see Table 1 ). The slightly larger surface density of the ST and HB polymorphs can be ascribed to the peculiar relative orientation of the perylene cores, allowing the minimization of the steric hindrance of the alkyl chains and, in the ST crystal, to strong π -stacking interactions. Inversely, the more symmetric CF structure leads to less effective space filling and, consequently, to a lower surface density. The molecular packing in 2D crystals was further assessed by computing the radial pair distribution function g(r) between centers of mass of PTCDI-C13 molecules. The computed g(r) of the relaxed 2D crystals for models of the three structures considered is shown in Figure 3a . The most intense peaks of the g(r) (3.75 Å, 4.55 Å and 5.85 Å for the ST, CF and HB structures, respectively) correlate with the crystal packing of PTCDI-C13 molecules along the [100] crystallographic direction, which coincides with the axis of main π-π stacking, perpendicular to the aromatic rings, for the CF and ST structures. Less intense g(r) peaks, between 7.5 and 9.5 Å, correspond to crystal packing along the [010] direction for CF and ST structures, and to a combination of [100] and [010] ordering for the more isotropic HB crystal. The preferential crystal packing of CF and ST structures along the [100] direction agrees with the observed needle -like growth of nanoscale perylene aggregates. 21, 25, 27 However, charge transport properties of materials based on the perylene diimide unit are also greatly affected by the relative orientation of neighboring π-cores. 54 The relative orientation of neighboring molecules in 2D PTCDI-C13 aggregates was evaluated in terms of two order parameters, defining the twist (θ) and tilt (φ) angles between the two planes of the perylene cores, respectively, as shown in the inset of To explore the thermal stability of PTCDI-C13 crystals, NPT simulations at higher temperatures were also performed. The structure of the CF crystal is essentially unchanged by relaxation at 500 K for about 2 ns. Also, no relevant structural changes are observed upon annealing of the HB crystal at 500 K. However, variable-cell MD relaxation of the ST structure at 500 K leads to a complete phase transition to the CF crystal, suggesting a viable low-energy dynamical path for the interconversion between these two forms. To further assess the stability and the dynamical behavior of the different 2D structures and in realistic finite-size systems, MD simulations on small planar (about 3x3 nm) non-periodic clusters of PTCDI-C13 were also performed in non-periodic conditions. Clusters of the CF crystal were found to be stable under MD at annealing temperatures higher than 500 K on timescales of about 10 ns. However, the analysis of the structure obtained by annealing the CF cluster to 700 K reveals a still relatively ordered arrangement of PTCDI -C13 molecules, with coexistence of aggregates in liquid-crystal CF and ST forms, as shown in Figure 4a . Likewise, annealing the HB cluster at high temperature (about 700 K) induces molecular aggregation into a similar polycrystalline structure composed of CF and ST phases (see Figure 4b) . Inversely, the ST cluster undergoes a thermally-induced rearrangement to the CF form, as observed for the periodic system, by annealing at 400 K (see Figure 4c and movie M1 in the Supporting Information), thus at temperatures lower than those generally used to anneal PTCDI-C13 thin-films. 55 Therefore, at high temperatures the free energy basins corresponding to both the CF and ST configurations are sampled, whereas relaxation toward the global minimum configuration is observed at lower temperatures. The remarkable crystal ordering at room temperature in 2D crystals, the coexistence of CF and ST liquid crystal phases at high temperatures and the abrupt interconversion from the ST to the CF structure at relatively low temperatures indicate the CF crystal as the most stable and suggest the occurrence of a relatively low energy barrier for transition from the ST metastable phase.
Moreover, the HB crystal constitutes a high-energy metastable form of PTCDI-C13 and, as such, not likely to be observed in 2D aggregates. Accordingly, the CF crystal is expected to dominate in the thermodynamically controlled growth of aggregates, whereas both CF and ST forms may coexist in particular environments. These findings agree with recent experiments, where formation of co-facial aggregates of PTCDI-C13 is commonly observed. 19, 21, 31 It must be pointed out that the energy landscape sampled by MD simulations, referring to 2D layers and clusters in vacuum, may significantly be altered upon interaction with a substrate. However, the propensity to ordered aggregation and the relative stability of the structures considered can be expected to hold also in several practical cases, for example for growth of PTCDI -C13 on smooth surfaces and for relatively weak molecule-substrate interactions. The factors behind 2D aggregation in PTCDI-C13 crystals were further investigated by modeling nanorod-like 56 systems with periodicity in one dimension. To this end, MD simulations were performed on quasi-1D supercells of the CF and ST structures, respectively, with periodicity along the [100] direction of the corresponding 2D crystal and a variable number of replica along the orthogonal in-plane non-periodic direction. The mean potential energy at 300 K of PTCDI-C13 CF and ST aggregates composed by 1 to 7 supercells along the non-periodic direction of the system is shown in Figure 5 . For a single stack of PTCDI-C13 molecules, the ST structure is energetically more stable, as a consequence of the reduced steric hindrance of the alkyl chains with respect to the CF phase. However, the stability of the CF structure increases with the size of the system along the [010] direction of the corresponding 2D crystal, as a consequence of the more favourable 2D packing of the perylene cores. The relative stability of CF and ST quasi-1D planar structures, as a function of their width along the [010] direction, can be related to the relative propensity to form aggregates in thermodynamically-and kinetically-controlled growth conditions. Namely, in kinetically-controlled growth of PTCDI-C13 the effect of terms associated to entropy, related mainly to the conformation of flexible alkyl chains, dominates the total free energy of the system. In these conditions, aggregation of needle-like molecular stacks in the ST conformation, characterized by higher flexibility of alkyl chains and consequent lower steric hindrance, can be observed. Inversely, the thermodynamically-controlled growth of aggregates, induced by low initial molecular kinetic energy in the deposition process or by annealing/quenching cycles, is expected to lead to formation of extended 2D layers in the most stable CF form, as also suggested by the phase transition discussed above. To assess the energetics and the electronic properties of the PTCDI-C13 structures in more detail, DFT calculations were performed on 2D crystal systems starting from the structures obtained by MD simulations. DFT variable-cell full geometry optimizations indicate the CF crystal as the most stable, with a total electronic energy of 244 and 301 meV/cell lower with respect to the ST and HB crystals, respectively (see Table 1 ). The DFT optimized lattice parameters for the PTCDI-C13 crystal structures considered, also shown in Table 1 , are in good agreement with force-field results, with a slight increase of surface densities. On the basis of the DFT wavefunctions, charge transport properties of the PTCDI-C13 crystals were evaluated by computing transfer integrals τ. Despite the less dense packing, the CF structure exhibits a much larger electron transfer integral (τe) with respect to the ST and HB 2D crystals (see Table 1 ). This difference can be ascribed to the more favourable overlap of LUMO orbitals of PTCDI-C13 molecules stacked along the [100] direction in the CF crystal, as shown by the orbital topologies of Figure 6 . Indeed, even small orbital misalignments are known to impact greatly on the transfer integrals in perylene diimide derivatives. 49 Inversely, the computed hole transfer integral (τh) for the CF structure is about three times lower than the TI for electrons and only two times larger than that of the ST crystal, confirming the low propensity to p-type transport in perylene diimide derivatives, 28, 57 as also suggested by the negligible τh for the HB structure. 
Conclusions
In summary, an integrated approach based on MD and DFT simulations was applied to investigate the relationship between crystal structure, stability, dynamics and charge transport properties in 2D PTCDI-C13 aggregates. MD simulations indicate a remarkable long-range stability for different putative 2D crystals. The thermodynamically most stable crystal structure corresponds to a face-to-face interaction between the π-cores of the perylene moieties, thus confirming experimental evidences. Moreover, a metastable 2D crystal phase of PTCDI-C13, with perylene cores arranged in a staggered configuration, is also found. The relative stability of the two lowest-energy 2D phases, however, is reversed in quasi-1D nanorods, suggesting a likely role of side-to-side interactions in stabilizing 2D aggregates. The local ordering of aggregates was analyzed in terms of radial and angular structural parameters. The latter, in particular, can be related to the relative orientation of the π-cores. Moreover, transfer integral calculations based on DFT suggested a strong correlation between molecular morphology and charge transport properties. Namely, the most stable 2D structure of PTCDI-C13 is found to be also the most effective for electron transport. Our results suggest a likely dependence of the molecular aggregation in nanostructures with environment, growth conditions and thermal treatments, affecting dramatically charge transport properties in devices. In particular, a controlled aggregation of PTCDI-C13 towards long-range-ordered 2D layers in the thermodynamically stable face-to-face phase is expected to lead to most efficient in-plane charge transport. Work is in progress to extend this study to model 3-dimensional aggregation and layered growth of PTCDI-C13 in hetero-organic interfaces.
